T he most common group of primary brain tumors are the gliomas, consisting largely of tumors of astrocytic or oligodendroglial lineage. These tumors are graded according to histopathologic characteristics, and tumors of the highest malignancy grade are called glioblastomas. Within the glioma group, the glioblastomas occur most frequently (Kleihues, 2000) . Tumor tissue samples are mainly obtained by stereotactic surgery. This procedure is particularly suitable for taking biopsy specimens from parts of the brain that are not otherwise accessible. An obvious disadvantage of stereotactic surgery is the fact that the specimens are relatively small (Glantz et al, 1991; Kros, 1997; Sawin et al, 1998) . The designation of a malignancy grade to gliomas occurs according to the presence of histologic parameters such as endothelial proliferation and necrosis, which are often not evenly distributed throughout the sample (Bullard et al, 1986; Hildebrand et al, 1997; Kleihues, 2000) . Sampling errors obviously will result in the underestimation of the malignancy grade of the gliomas. Further, despite the fact that necrosis is important for grading, a diagnosis cannot be made when only necrotic tissue is present in the sample (Glantz et al, 1991) . In some cases the tumor component consisting of necrosis may comprise more than 80% of the total volume (Kleihues, 2000) .
Although the stereotactic biopsy procedure is generally supported by computed tomography or magnetic resonance imaging guidance, these techniques only provide limited clues as to the histologic composition of the tumor. Hence, there is a need for guidance during the stereotactic biopsy procedure. Such tools will result in higher quality tissue specimens for histopathologic evaluation. In recent studies watersuppressed 1 H magnetic resonance spectroscopy (MRS) has been put forward as a noninvasive way for detecting significant differences between the in vivo spectra of tumor, necrosis, and healthy brain tissue (Dowling et al, 2001; Fountas et al, 2000; Hall et al, 1999; Kurhanewicz et al, 2000; Nelson et al, 1999; Pirzkall et al, 2001; Vigneron et al, 2001 ) and for targeting during brain biopsy (Hall et al, 2001 ). In the latter study, all biopsy material obtained under MRS guidance was reported to be useful for diagnosis. MRS adds valuable information to intraoperative MR imaging. However, the cost and size of the instruments may hamper the widespread use of MRS.
In the study reported here, we have investigated the possibility of using Raman spectroscopy to distinguish between vital tumor tissue and necrosis to identify possibilities for the development of an in vivo Raman method as the basis for intraoperative brain biopsy guidance. Raman spectroscopy is a nondestructive vibrational spectroscopic technique, based on inelastic scattering of light by the molecules in a sample. A Raman spectrum provides information about the molecular composition, molecular structures, and molecular interactions in a tissue (Tu, 1982) . Different types of tissue will vary in their overall molecular composition. Therefore their Raman spectra will also be different and can be used as tissuespecific spectroscopic fingerprints. In addition, pathologic changes in molecular composition or structure are reflected in the spectra, enabling development of diagnostic tools based on Raman spectroscopy. In recent years, significant progress has been reported in the application of Raman spectroscopy for ex vivo and in vivo tissue characterization (Bakker Schut et al, 2000; Boustany et al, 1999; Buschman et al, 2000; Frank et al, 1995; Hanlon et al, 2000; MahadevanJansen and Richards-Kortum, 1996; MahadevanJansen et al, 1998a MahadevanJansen et al, , 1998b Manoharan et al, 1994 Manoharan et al, , 1996 Manoharan et al, , 1998 Shim et al, 2000; Stone et al, 2000; Wolthuis et al, 1999) . So far only a few studies have reported on the use of Raman spectroscopy for brain tissue characterization. Mizuno et al (1994) analyzed Raman spectra of different anatomical and functional structures of rat brain. Ong et al (1998) showed that Raman spectroscopy can be used to identify the substantia nigra of monkey brain. Recently we showed that Raman spectroscopy can be used to accurately determine water concentration in brain tissue (Wolthuis et al, 2001 ). In 1994, Mizuno et al (1992) were the first to publish spectra of different brain tumors.
Here we used Raman microspectroscopy to obtain spectra of unfixed thin sections of human glioblastoma tissue samples. The thin sections were scanned to create pseudo-color Raman maps, which were compared with the histopathology of the same tissue sections. We were able to identify the histologic origin of the spectral features that were collected. A classification model was then developed that distinguishes between vital tumor tissue and necrosis based on the Raman spectra of the tissue under investigation. An independent data set was used to evaluate the model.
Results
Twenty-four Raman mapping experiments were performed on unstained, unfixed cryosections of 20 glioblastoma tissue samples taken from 20 patients. The maps varied in size from 200 pixels (in a few cases, in which small structures within a section were mapped at high resolution) to 13,000 pixels (for larger areas in tissue sections, containing both vital and necrotic tissue). Regions within the unstained tissue sections containing vital tumor tissue and necrotic tissue were identified by histopathologic evaluation of a hematoxylin and eosin (HE)-stained adjacent tissue section and selected for Raman scanning. Bright-field microscopic images of such regions in unstained sections are shown in Figure 1 (A and B) . After Raman spectral acquisition, the data were analyzed by principal component (PC) analysis (PCA) and K-means cluster analysis (KCA). Each cluster (consisting of similar spectra) was assigned a color. Pseudo-color Raman maps were then created in which the color of each pixel is determined by the cluster membership of the spectrum obtained from that pixel. Representative examples of Raman pseudo-color maps are shown in Figure 1 (C and D) . Because in KCA the user determines the number of clusters, a protocol was adopted in which for each tissue section, several KCA were carried out with an increasing number of clusters, as long as this resulted in clusters containing biochemical information (see "Materials and Methods"). This ensured that the resulting clusters captured all essential signal variance. In this way KCA of the spectra obtained from the first 11 glioblastoma samples resulted in a total of 72 clusters (the number of clusters per sample ranging from 4 to 11). After the acquisition of the Raman spectra, the tissue sections were HE stained ( Fig. 1, E and F ). This enabled a histologic evaluation of the different clusters in the Raman maps, which showed that Raman clusters correspond to either necrotic areas (the weaker stained areas, marked "n" in Fig. 1 , E and F) or vital tumor areas (the more intensely stained areas, marked "v"). A large number of clusters imply that significant biochemical variation is present within necrotic tissue areas and within vital tissue. A clear illustration of this is given by Figure 1 (D and F), which shows a large necrotic region surrounded by an area of closely packed cells referred to as pseudopalisading (marked "p") . In between the palisading cells, numerous disintegrating (necrotic) cells are also present, as shown in Figure 1G (arrows). In the pseudo-color maps 1C and 1D, shades of red were used to locate areas (and variance in biochemical composition) of vital tumor tissue. Likewise, shades of blue were used for necrosis. Figure 2 shows representative spectra of different areas of vital tumor tissue (spectra A, B, and C), which serve to illustrate the spectral variance encountered in vital tumor tissue. The difference spectrum 2D (2A minus 2C) shows clear overlap with Raman spectra of pure glycogen (2E and open bars) and fatty acids (2F and gray bars). Similarly, representative spectra (spectra A, B, and C) of necrotic areas are shown in Figure 3 . The difference spectrum (3A minus 3C) is shown in Figure 3D , and spectral regions of most prominent signal contributions from cholesterol (3E and open bars) and calcium hydroxyapatite (3F and gray bars) are highlighted. Based on the histopathologic evaluation, a total of 36 clusters were labeled as "necrotic" and 36 as "vital." For each cluster a cluster-averaged spectrum was calculated and used to develop a linear discriminant Koljenović et al analysis (LDA) model for discrimination between necrosis and vital tumor tissue (see "Materials and Methods"). PCA was applied to obtain a reduced number of orthogonal variables for this LDA model data set.
The significance of each PC in discriminating between the two tissue classes (vital versus necrotic glioblastoma tissue) was calculated using a two-sided t test. These values are listed in Table 1 . As can be seen, the two PCs that exhibit the highest significance are PC 2 and PC 22. The scores of the clusteraveraged spectra on these two PCs are shown in Figure 4 . The figure clearly shows that the two groups of tissue spectra can be separated using only PC 2 and that PC 22 does not add significant discriminatory information.
To minimize the risk of overfitting the data on which the LDA model was developed, only the scores on PC 2 were used as input for the model. This PC represents 17.44% of the total signal variance present in the data set. A leave-one-out cross-validation of this LDA model resulted in an accuracy of 100%.
The LDA model was tested using an independent data set collected from the next 13 Raman mapping experiments (on tissue sections of 9 patients who were not included in the model training set). KCA was performed in the same way as for the model data set, resulting in a total of 70 clusters. Pseudo-color maps were again compared with histopathology. This resulted in 42 clusters being labeled "vital" and 28 "necrotic." Cluster-averaged spectra were calculated for all clusters, and the LDA model was then used to predict whether these spectra were obtained of vital or necrotic tissue. The results were compared with histopathologic classification. A 100% correspondence was found.
To visualize the distribution of vital and necrotic tissue as predicted by the LDA model, Raman prediction maps were generated by applying the LDA model to each individual spectrum (pixel) of the map. Examples of prediction maps are shown in Figure 5 (C and D). A comparison with the histopathologic evaluation of the HE-stained sections (5E and 5F) serves to illustrate the accuracy of the LDA model.
Raman spectra of necrotic and viable glioblastoma (which are averaged over all necrotic clusters and all vital clusters, respectively, in the LDA model set) are shown in Figure 6 (spectra A and B). A difference spectrum (necrosis minus vital tumor) is displayed in 6C. It closely resembles spectra of pure cholesterol and cholesterol esters such as cholesterol oleate and cholesterol linoleate (spectra D, E, and F, respectively). The presence of esters in the necrotic glioblastoma tissue can be deduced from the characteristic band at 1739 cm Ϫ1 , barely visible in Figure 6A but clearly present in the difference spectrum (Fig. 6C ). Other readily interpretable differences are visible near 1300 cm Ϫ1 (assigned to CH 2 twist and wagging vibrations), 1131 cm Ϫ1 (C-C stretching), 1086 cm Ϫ1 (C-C stretching and PO 2 Ϫ symmetric stretching), and 1063 cm Ϫ1 (C-O stretching and C-O-C symmetric stretching) (Mizuno et al, 1994; Tu, 1982) . These bands are assigned to fatty acids and phospholipids. The difference spectrum also shows small features at 1523 and 1159 cm Ϫ1 , which resemble carotenoids, and an intense band at 958 cm Ϫ1 probably caused by calcifications (Mizuno et al, 1994) .
Crystal-like inclusions were frequently observed in necrotic regions during standard microscopic examination of unstained tissue. An example of such an inclusion is shown in Figure 7 . The strong spectral overlap between spectrum (Fig. 7C ) of the inclusion and pure cholesterol spectrum (see Fig. 3E ) shows that the crystal consists mainly of cholesterol. The presence (and amount) of crystals within necrotic parts of the tumor correlated with the extent of tumor necrosis as it was histopathologically assessed. Furthermore, in necrotic tumor regions in frozen sections from five patients, calcification deposits were observed. An example of such a calcification deposit is shown in photomicrograph 8A. The KCA Raman map is shown in Figure 8B . Spectra a and b in Figure 8C show cluster-averaged spectra from the surrounding necrotic tissue ("a") and from the periphery ("b") of the deposit, respectively (see Fig. 8B ). Spectrum c (cluster average), which was obtained from the center of the inclusion ("c"), shows a very high signal contribution of calcium hydroxyapatite (see Fig. 3F ).
In six tissue sections from four patients, the Raman spectra obtained from vital glioblastoma indicated the presence of regions with very high glycogen concentrations. A representative spectrum is shown in Figure  9A (see a spectrum of pure glycogen in Fig. 2E) . A bright-field image and the KCA Raman map are displayed in Figure 9 , B and C, respectively.
Figure 2.
A to C, Representative cluster-averaged Raman spectra collected from vital glioblastoma. These spectra are representative of the signal variance encountered within vital tumor areas of the tissue section shown in Figure 1 . Arrows indicate spectral regions with clear signal variance (a.u. ϭ arbitrary units); D, Difference spectrum 2A minus 2C; E, Raman spectrum of pure glycogen; F, Raman spectrum of fatty acid (oleic acid). Open bars (glycogen) and gray bars (fatty acid) have been used to highlight areas of significant spectral overlap between these compounds and the difference spectrum 2D.
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Discussion
The results of this study show that the biochemical information represented in Raman spectra distinguishes necrotic tissue from viable glioma tissue. The LDA prediction model that was developed for this purpose, in this in vitro study with nonetheless a relatively low number of samples, had a 100% accuracy. This paves the way for the development of an in vivo Raman spectroscopic method for improving intraoperative, real-time brain biopsy guidance. This is important because it will enable the collection of more representative tissue material at stereotactic biopsy than is presently possible, thereby improving the classification and grading of glioma (Bullard et al, 1986; Glantz et al, 1991; Kleihues et al, 1984; Paulus and Peiffer, 1989; Scerrati and Rossi 1984) . Specimens consisting entirely of necrotic tumor tissue are diagnostically useless. However, in the context of a neoplastic glial proliferation, necrosis is a significant histologic feature for classification and grading. Consequently, biopsy target selection by Raman spectroscopy may substantially influence histopathologic diagnosis, which is essential for treatment selection and prognosis of gliomas. Although complications after a stereotactic brain biopsy procedure are infrequent, the procedure is not entirely without risk (eg, hemorrhage or direct trauma) for the patient (Field et al, 2001 ). Raman-guided biopsy will decrease the number of cases in which a second stereotactic biopsy procedure is needed when no representative tumor tissue is obtained the first time.
The utility of intraoperative MRS for targeting during brain biopsy has been reported recently (Hall et al, 2001 ). Raman spectroscopy, like MRS, provides bio- chemical information about different tissues, but may be more suitable for routine use because it is faster, less complicated, and relatively low cost. Thus, the combination of Raman spectroscopy with stereotactic biopsy in addition to existing preoperative imaging techniques (computed tomography) is particularly attractive.
By correlating Raman spectral maps with histopathology of the same tissue sections, we were able to identify the morphologic origin that gave rise to the specific spectral features found in this study. Different parts of the tumor had characteristic Raman spectra, enabling the discrimination of vital and necrotic tumor. One of the most pronounced differences separating the spectra of necrotic glioblastoma regions from viable tumor is the increased signal contribution of cholesterol and cholesterol esters in necrotic tissue (Fig. 5) . Increased levels of cholesterol esters (particularly cholesterol oleate and cholesterol linoleate) in glioma tissue have been reported before (Campanella, 1992; Gopel et al, 1963; Nygren et al, 1997) . In these studies necrotic and vital tumor regions were not separately investigated, and therefore, no specific information regarding the biochemical composition of these distinct tumor regions was obtained. Previous results from studies on brain tumors using proton MRS (Barba et al, 1999; Negendank et al, 1996; Rémy et al, 1997 ) also provided evidence of mobile lipid resonances (resonances arising from fatty acyl chains of lipids), possibly caused by cell proliferation arrest and necrosis. These findings were confirmed by other MRS studies in which the morphologic and biochemical features were compared (Kuesel et al, 1994a (Kuesel et al, , 1994b (Kuesel et al, , 1996 . Furthermore, a study of phenotypic changes occurring in rat cell cultures that were conditionally transformed by an activated H-ras oncogene suggested that cellular growth inhibition is accompanied with massive accumulation of neutral lipids, mostly cholesterol esters and triglycerides (Hirakawa et al, 1991) .
The biochemical differences between necrotic and vital glioblastoma as revealed by Raman spectroscopy are in accordance with these results and add information as to the histologic origin of these differences. In spectra derived from necrotic parts of glioblastoma, relative higher carotenoid signal contributions were also observed, consistent with previous Raman studies, in which carotenoids were observed in high-grade gliomas but not in normal brain tissue (Mizuno et al, 1994) . The current results indicate that carotenoids are mainly present in the necrotic regions of the tumor. Furthermore, an intense band that was attributed to calcification was observed in Raman spectra from necrotic parts of glioblastoma and seems useful in the identification of necrosis within glioblastoma. High levels of glycogen in glioma were reported in a number of studies (Galarraga et al, 1986; Keller et al, 1981; Ross et al, 1988) . The presence of polysaccharides in human glioma tissue was also described by a previous Raman spectroscopic study (Mizuno et al, 1994) .
Raman spectroscopy can be applied in vivo using special fiber optic probes optimized for the size and location of the actual measurement volume of the tissue (Puppels, 1999; Puppels et al, 1998 Shim et al, 1999) . Based on the results presented here and these technologic advances, we believe that Raman spectroscopy holds promise for real-time guidance of Score plot of the cluster-averaged spectra on the two most significant principal components (PCs), PC 2 and PC 22. The figure clearly shows that the two groups of tissue spectra (vital vs necrotic glioblastoma) can be separated using only PC 2 and that PC 22 does not add significant discriminatory information.
Koljenović et al
brain biopsy, for which thin fiber optic catheters would need to be built into the biopsy needle (Bohorfoush, 1996) . The same approach may potentially be of use to distinguish between areas of radiation necrosis and tumor in patients undergoing radiation therapy. Other applications for Raman guided biopsy procedures that can be envisioned include guided biopsy during endoscopy of patients with Barrett's esophagus to better target potential areas of dysplasia (Bakker Schut et al, 2000) and guided fine needle aspiration of suspected breast malignancies.
Materials and Methods
Patient Samples
The study was approved by the Medical Ethics Review Board of the University Hospital Rotterdam "Dijkzigt." Informed consent was obtained from each patient.
Figure 5.
A and B, Photomicrographs (original magnification, ϫ5) of unstained (25 m thick) human glioblastoma cryosections before Raman spectroscopic mapping. C and D, linear discriminant analysis (LDA) model prediction maps. The spectra obtained from each pixel were used as input for the vital versus necrosis prediction model. Red: vital; blue: necrosis. E and F, Photomicrographs (original magnification, ϫ5) of the same frozen sections after HE staining for histologic evaluation following Raman measurement (vital designated with v and necrotic with n). E1 to E3: ϫ40 magnification of details from 5E (frame colors are corresponding), illustrating the changes of tissue structure from vital tumor (E1) to complete necrosis (E3).
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Sample Handling and Sample Preparation
Tissue specimens originated from resection material or from biopsy specimens obtained during neurosurgical procedures at the Neurosurgery Department of University Hospital Rotterdam "Dijkzigt." After excision, tissue samples were snap-frozen by immersion in liquid nitrogen and stored at Ϫ80°C until further use. For Raman experiments, these frozen samples were cut into 25-m-thick sections using a cryotome and placed onto calcium fluoride microscope slides and allowed to dry in air. The unfixed tissue sections were used without further treatment. During cryotoming, 5-m-thick adjacent sections were also prepared. These thinner sections were stained with HE and histopathologically evaluated to identify regions of vital tissue and regions of necrosis according to the World Health Organization criteria (Kleihues, 2000) . Bright-field images of the unstained tissue sections revealed some heterogeneity in tissue structure, which could be linked to the structural heterogeneity observed in the adjacent stained sections. This assessment was used to select regions in the tissue sections, mostly containing both vital glioblastoma tissue and necrosis for Raman mapping. After Raman measurements, the 25-m tissue sections were HE stained as well, to provide a direct comparison of the Raman mapping results with the histopathology. In this study, a total of 24 Raman mapping sessions were performed on unstained cryosections of glioblastoma tissue derived from 20 patients.
Reference Spectra
To obtain reference spectra of cholesterol, cholesterol linoleate, cholesterol oleate, calcium hydroxyapatite, and glycogen, commercially available compounds were used (Sigma-Aldrich chemie, Zwijndrecht, The Netherlands).
Raman Microspectrometer
Raman spectra of the tissue sections were obtained by a near-infrared multichannel Raman microspectrometer built in house. Briefly, the setup consists of a microscope (DM-RXE; Leica, Cambridge, United Averaged Raman spectra of LDA model set, collected from necrotic (A) and vital glioblastoma parts (B). The difference spectrum (necrotic minus vital) shown in C (intensity multiplied by a factor 2) is compared with the Raman spectra of cholesterol (D), cholesterol oleate (E), and cholesterol linoleate (F). a.u. ϭ arbitrary units.
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Kingdom) coupled to a Raman spectrometer (System 100; Renishaw, Wotton under Edge, United Kingdom). Laser light of 847 nm is focused on the sample by a ϫ80 NIR optimized objective (Olympus, Tokyo, Japan). The objective also collects light that is scattered by the sample, which is then analyzed by the spectrometer. Raman signal was collected in the spectral interval from 400 to 1800 cm Ϫ1 , with a spectral resolution of 8 cm Ϫ1 . This system has recently been described in detail (van de Poll et al, 2001) .
Unstained cryosections (25 m) of glioblastoma tissue were placed on an xyz-motorized, computercontrolled sample stage (Leica DM STC), which enabled automatic scanning of the sample. The laser light was focused below the surface of the tissue at such a depth that the signal intensity was maximized. The area to be scanned and the scanning step size were chosen, therefore dividing up the area of interest into small square areas (here termed Raman pixel). Spectra were obtained consecutively from the tissue in each of these Raman pixels, the size of which varied between 0.25 and 400 m 2 , for different measurements. The ϫ80 microscope objective focused the laser light to a spot of less than 1 m 2 . Therefore, to obtain a spectrum that is representative for the tissue in a Raman pixel, the area of the Raman pixel was scanned during each spectral measurement. Acquisition of Raman spectra and microscopic stage movement was controlled by the WiRE 1.2 software (Renishaw) running under Grams/32 Spectral Notebase Software (Galactic Industries Corporation, Salem, Massachusetts). Raman mapping software was implemented in Array Basic (the internal software platform of Grams) and controlled the Leica microscope unit and the microscope stage.
Tissue samples were excited with 90 to 110 mW of laser power during Raman experiments. Spectra were usually obtained using 10 seconds of signal collection time per Raman pixel.
Data Analysis
The Raman data were analyzed with software developed in house that operates in the Matlab environment (The MathWorks, Inc., Natick, Massachusetts) using the multivariate statistical analysis toolbox PLStoolbox 2.0.0c (Eigenvector Research, Inc., Manson, Washington) .
Pretreatment of Spectra
After acquisition, the spectra were first calibrated using Raman calibration standards as described earlier (Wolthuis et al, 1999) . The reference spectrum of a tungsten-band lamp of known temperature was used to correct for the wavelength-dependent signal detection efficiency of the Raman setup. Spectral pretreatment also involved the subtraction of interfering background Raman signal originating in the optical 
Raman Maps
Raman maps were constructed from the spectral data set using multivariate statistical techniques. To minimize the influence of any slowly varying fluorescence or background scatter in the spectra which is noninformative, the first derivative of the spectra was taken (using the Savitzky-Golay method). The resulting spectra were subsequently scaled so that all the derivative spectra of a map had zero mean and unit standard deviation (autoscaling or standard normal variate scaling) (Wolthuis et al, 1999) .
PCA was used to orthogonalize and reduce the number of parameters needed to represent the variance in the spectral data set (Jollife, 1986) . Cluster analysis was then used to find groups of spectra that have similar spectral characteristics. PCA scores accounting for 99.9% of the variance captured served as input for KCA. KCA was performed because it can easily handle large amounts of data as obtained during Raman mapping experiments (Jain and Dubes, 1988) . The algorithm was initiated by allowing the user to choose the number of clusters. The criteria used to determine the number of clusters to be included in the analysis were that the final cluster-averaged spectra displayed meaningful spectral differences (ie, above noise level) and that the clusters could be related to histologically distinct areas in the tissue sections (see section below on pseudo-color Raman maps). The initial values for the centers of these clusters were taken randomly from the spectral data set. All spectra in the data set were then compared with these cluster centers and assigned to the center that they most resembled. After assigning all spectra to one of the clusters, the new cluster center was calculated by taking the mean of all the spectra that were assigned to that cluster. This procedure was repeated until a stable solution was reached. The cluster-membership information was plotted as a pseudo-color map by assigning a color to each different cluster.
Raman Maps and Histopathology
The location of each differently colored area in the pseudo-color Raman maps was compared with the histopathology. Depending on whether different colors corresponded with vital or necrotic regions within an HE-stained section, each cluster was labeled "vital" or "necrotic," irrespective of the Raman spectroscopic results.
Raman Difference Spectra
Information about differences in biochemical composition of the various structures can be extracted from "positive" difference spectra, which are calculated by scaled subtraction of the cluster averages from each A, Bright-field image of calcification deposit in a necrotic glioblastoma region (original magnification, ϫ80). B, Raman map, based on the KCA with three clusters (scanning step size 0.5 m). C, Raman spectra (averages) of (a) surrounding necrotic tissue, (b) periphery of calcification, and (c) center of calcification (predominantly calcium hydroxyapatite; see Fig. 3F ).
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other. In short, for two given spectra, N and V, a difference spectrum N-V is calculated, where V is scaled in such a way that the difference spectrum does not show negative Raman features. The resulting difference spectrum gives a good impression of which molecular species are present in a relatively higher amount in spectrum N than in spectrum V.
LDA Modeling
Based on the histopathologic cluster assignment, an LDA model was built. LDA is a supervised modeling technique that finds the best linear combination of variables to discriminate between the two groups (Tabachnick and Fidell, 1989) . For this purpose, a database consisting of cluster-averaged spectra was created. Before averaging, the spectra were first pretreated as described above (Savitzky-Golay differentiation method and autoscaling). Then PCA was performed on this data set to obtain a representation of the spectra in a reduced number of orthogonal variables. To prevent overfitting in the LDA model, the number of PCs used in the model should be at least two times smaller than the number of spectra in the smallest model group. Therefore only those PCs that show high significance in discriminating necrosis from vital glioma were individually selected by using the two-sided t test.
The internal consistency of the LDA model data set was evaluated with leave-one-out testing. In this test, the classification of each single cluster average is predicted using an LDA model that is built on all model cluster averages minus the cluster average to be predicted (Stone, 1974) . The prediction accuracy of the LDA model was tested by predicting whether cluster averages from independent samples (ie, not used for the model database) originated from vital or necrotic tumor parts.
Boustany NN, Crawford JM, Manoharan R, Dasari RR, and Feld MS (1999) . Analysis of nucleotides and aromatic amino acids in normal and neoplastic colon mucosa by ultraviolet resonance Raman spectroscopy. Lab Invest 79:1201-1214. Bullard DE, Osborne D, Burger PC, and Nashold BS (1986 A, Raman spectrum (average) collected from area shown in B (arrow). This spectrum shows a strong overlap with Raman spectrum of pure glycogen (see Fig. 2E) . B, Photomicrograph of unstained cryosection showing histologic detail within a vital glioblastoma region (original magnification, ϫ80). C, Corresponding KCA Raman map (scanning step size 2 m).
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